The insertion pattern of flagellation of Centipeda periodontii was determined from electron micrographs of negatively stained cells treated with various detergents to remove their outer cell wall layer(s) selectively. The best results were obtained with 0.2% sodium dodecyl sulphate and a treatment time of 1-2 min. Detergent-treated cells displayed a unique helical pattern of flagellation which we designate as helicotrichous (Gk n. helix, helix + Gk n. thrix, hair).
I N T R O D U C T I O N
Motile bacteria, other than spirochaetes, are divided into three groups based on their pattern of flagellation : peritrichous, polar and lateral. The latter category includes Selenomonas species which have a tuft of flagella on their concave side (Kingsley & Hoeniger, 1973) and Pectinatus cerecisiiphilus, which has a comb-like arrangement of flagella (Lee et al., 1978) . The arrangement of flagella on a recently isolated oral bacterium, Centipeda periodontii, suggests an additional pattern of flagellation (Lai et al., 1981 (Lai et al., a, 1983 . These bacteria were initially described as Gram-negative, anaerobic bacilli which are motile and slightly serpentine in shape (Lai et al., 1981 a) . The most striking feature of the isolates was their 'centipede-like' appearance when viewed by dark-field microscopy due to many sets of flagellar bundles which extend from both sides of the cell body. Electron microscopic studies of negatively stained specimens verified these observations and in some cases suggested an unusual arrangement of the flagella (Lai et al., 1983) .
To elucidate further the specific arrangement of flagellar insertions, we undertook an electron microscopic study of several isolates which had been subjected to gentle lytic treatment to remove their outer cell wall layer(s) without gross disruption of the cell structure. Cells thus treated will be referred to as being 'stripped'of their outer cell wall layer(s). This report describes the lytic procedure and demonstrates the occurrence of a heretofore undescribed pattern of flagellat ion.
B . M . MALES A N D OTHERS
Preparution ojlysed cell specimens. Each strain was grown for 24 or 48 h in 10 ml of brain heart infusionsupplemented (BHIS) (Holdeman et al., 1977) in an anaerobic chamber with an atmosphere of N,/C02/H, (80: 10 : 10, by vol.) at 35 "C. Cells were harvested by gentle centrifugation (3000g, 10 min) and resuspended in a few drops of sterile saline. A drop of the bacterial suspension was placed on a one-hole Formvar-carbon coated nickel grid and excess fluid was removed by blotting. The specimens were immediately covered with one drop of a sterile solution of 0.2% (w/v) sodium dodecyl sulphate (SDS) (Bayer & Anderson, 1965) or with 1% (w/v) sodium deoxycholate (SDC) (Hill, 1967; Hougen & Birch-Andersen, 1971 ) for various periods (0.5, 1 , 2, or 4 min). The grids were blotted, stained with a single drop of 2% (w/v) phosphotungstic acid (pH 7-4) for 1-5 min, blotted again and air-dried.
Cells treated with physiological saline were used as controls. Electron microscopy. Specimens were examined in a Philips EM 300 operated at 60 or 80 kV. Approximately 200 micrographs from 60 specimens were studied.
R E S U L T S A N D DISCUSSION
Cell lysis by detergents Consistent results were obtained for each isolate that was treated with SDS. The degree of lysis was time dependent. Treatment times of 1 and 2min yielded the greatest number of stripped cells without gross disruption of cell shape or loss of external appendages, i.e. flagella (Fig. 1) . The control specimens, which were not detergent-treated, showed no such loss (Fig. 2) . A relatively smooth cell surface remained after detergent treatment, with the sites of flagellar insertion clearly visible. Almost no stripped cells were seen when the period of SDS treatment was limited to 30s. A treatment time of 4min resulted in fragmentation of flagella, with breakage at points proximal to the hook region (Fig. 3a) . Greater numbers of disintegrated cells were also seen. The remaining debris frequently consisted of an intact flagellar insertion region (Fig. 3b) .
Use of SDC was not as effective in producing stripped cells. A large proportion of cells treated with SDC for periods of 1-4 min retained most of their flagella as intact structures and disclosed cell surfaces with the outer layer(s) only partly removed. In such preparations, regions of flagellar insertions on these cells were correspondingly less well defined (Fig. 4) .
Flagellar insertion region
A narrow electron-dense zone, into which most of the individual flagella were inserted, traversed the length of SDS-treated cells (Fig. 1) . We have interpreted its 'zigzag' pattern as a two-dimensional view of a three-dimensional, helical path visible through the treated cell. Along this narrow path many overlapping flagella originated and coalesced into flagellar bundles alternately arranged along both cell sides, near concave regions of the cell curvature ( Fig. 1) .
Bacterial flagella are composed of a filament, hook and basal body. The latter structure is embedded in the cell wall. A model for the basal body complex among Gram-negative organisms, such as Escherichia coli, has been proposed. The structure is 27 nm in length and consists of four rings in pairs, 22.5 nm in diameter, surrounding a narrow rod. The innermost ring is anchored in the cytoplasmic membrane (DePamphilis & Adler, 1971 a, b) . Examination of stripped cells of Centipeda periodontii occasionally showed intact expelled flagella lying adjacent to the cell body. The dimensions of the attached basal bodies were similar to those described by DePamphilis & Adler (1971 a) (unpublished observations) . It is unlikely that the basal body complex seen in our specimens is responsible for formation of the electron-dense zone (described below). The observance of an electron-dense insertion path suggests the presence of an additional substance or structure within the cell. A number of structures have been described in polar and laterally flagellate bacteria which are associated with regions of flagellar insertion. They include membranous structures (Murray & Birch-Andersen, 1963 (Remsen et al., 1968) and concentric membrane rings (Coulton & Murray, 1978) . These structures are thought to contain flagellum-synthesizing machinery or to be necessary for anchorage of the flagella. Such structures might confer additional rigidity (and density) to the region from which flagella originate. They may also be more resistant to disruptive forces and thereby account for the intact zones of flagellar insertion which remained after lysis of the cells (Fig. 36) . On the other hand, this electron density could also be due to a heavier concentration of stain trapped in this densely flagellate area.
The dimensions of the flagellar insertion zone were similar for each of the isolates, as was the observed helicoidal insertion path around the cell body (Fig. 1) . Increases in cell length were accompanied by increases in the number of turns. Periodicity of turn for both the cell and the path of flagella insertions was constant, averaging 2.5 pm. The electron-dense zone was approximately 180 nm wide and oriented at an angle of 30" to the long axis of the cell body. The length of the flagellar insertion region per 360" turn averaged 2.6 pm, only slightly larger than its wavelength. This is less than the expected value for a helix wrapped around a straight, cylindrical body of similar proportions. We explain this by the fact that the bacterial cell body does not represent a straight cylinder, but a body that is repeatedly curved in an opposite direction from the curvature of the flagellar insertion zone.
The number of flagella per cell was dependent on cell length and ranged from 50 to nearly 300. An average of 19 flagella were inserted per 1 pm length of the electron-dense region.
Effects of cell division and branching
Cell wall details were not visible in untreated, negatively stained cells (Fig. 2) . Selective removal of the outer cell wall layer(s) of dividing cells by SDS treatment revealed the intersection of the septum with the path of flagellation (Fig. 5). A gap of approximately 100 nm in the insertion path could be noted on either side of the septum. Septum formation did not disrupt the general orientation of the electron-dense insertion zone. Despite the gap in the path of flagellation, the insertion zone continued along its 30" angled path on either side of the septum, as if flagellum synthesis had been repressed in this region. A model of alternate repression of septum formation and flagellum synthesis was proposed for the selenomonads (Kinglsey & Hoeniger, 1973) . A similar mechanism could be operating here. Assuming that cell growth is accompanied by synthesis of flagella at various points along a lengthening insertion path, repression of flagellum production in the septa1 region might be expected prior to development of the septum.
The presence of a small number of budding and branched cell forms was observed in older (48 h) broth cultures of each isolate. Budding areas were devoid of flagella (Fig. 6 a ) prior to the development of a second arm in branching cells. In a majority of cases the second arm produced its own flagellar insertion region (Figs 66, c) . However, an occasional branched cell was seen whose second arm was devoid of flagella; only the original flagellar insertion region was present (Fig. 6 d ) . It may be that a substance or structure is required for flagellum synthesis which has a specific location within the cell. Depending on the site of bud formation, a portion of this structure could be contained within the developing arm. Murray & Birch-Andersen ( 1 963) believed the polar membrane in Spirillum serpens (Aquaspirillum serpens: Hylemon et al., 1973) to be such a structure; they postulated that it was self-perpetuating or made anew after each division.
In some branched cells, new and old regions of flagellation merged ( Fig. 6 c ) ; in others, the new flagellar insertion region terminated some distance from the original path of flagellation (Fig. 6b) . This latter observation, combined with the apparent absence of flagella in some budding regions (Fig. 6 a ) suggests that the formation of the new flagellar insertion path does not necessarily arise as an extension or outgrowth of the original path of flagellation, but develops separately at some point on the second arm, distal to the original insertion path. The new insertion path may function as an autonomous unit so that its proximal spread and eventual merger with the original flagellar insertion path may not always occur (Fig. 6b) .
Cell motility
Bacterial flagella are semi-rigid helices which rotate in a clockwise and counterclockwise fashion, driven by a reversible rotary motor at the base of each organelle, the basal body. Several models have been proposed to explain how the basal body gives rise to filament rotation, based on recent evidence which points to proton flux as the energy-generating mechanism (Berg, 1974; Adam, 1977; Lauger, 1977; Macnab, 1979; Manson et al., 1980; Berg et al., 1982) . Centipeda periodontii is a multi-flagellated bacterium whose flagella resemble those of other motile bacteria, such as E. coli. The method by which flagellar rotation occurs in this organism may be similar to that of E. coli and other well-known bacteria. Yet certain aspects of its motility are characteristic of both multi-flagellated bacteria and spirochaetes. Our initial report on C . periodontii described a slightly serpentine rod whose motility is accompanied by flexion of the entire cell in a snake-like motion and by rotation around the long axis of the cell body (Lai et al., 1983) . This is similar to movements generated by spirochaetes (Weibull, 1960; Berg, 1976) . Centipeda periodontii exhibits bundle formation, which is characteristic of peritrichously flagellated bacteria (Fig. 1) . This is a prominent feature of the organism when viewed by darkfield microscopy (hence its name, Centipeda : Lai et al., 1983) . This indicates that similar hydrodynamic forces are present during cell movement which contribute to bundle formation (Anderson, 1975; Macnab, 1977) .
The development of a second arm in branching cells noticeably affected cell movements. Rotation of the cell about its long axis was greatly impeded by the added appendage. Cell movements were often limited to snake-like motions (unpublished observations).
To our knowledge this is the first reported example of a helically flagellated bacterium. These organisms represent a new class of motile bacteria, which we designate as helicotrichous (Gk n.
helix, helix + Gk n. thrix, hair): a helical distribution of flagella around the cell body. 
